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ABSTRACT  Rat cerebral  microvascular  endothelial  cells  were infected  with  Schmidt-Ruppin 
Rous sarcoma  virus-strain  D  (SR-RSV-D), an  avian  retrovirus.  A  single  focus  of transformed 
cells was isolated  and the resultant cell line designated RCE-T1. The specificity for SR-RSV-D 
transformation  was  determined  by  virus  rescue  assay and  demonstration  of  virus-specific 
antigens.  RCE-T1 cells  are virogenic  when fused  with chicken  embryo fibroblasts  (CEF) and 
do not produce infectious virus as demonstrated by the absence of detectable virus in culture 
fluid from these cells alone. Studies  using an enzyme-linked immunosorbent assay (ELISA) for 
avian  retrovirus-coded  internal  proteins show that RSV-transformed  endothelial  cells contain 
mainly p27 and react to some extent to p19 and p15 viral  antigens.  These data demonstrate 
conclusively  that the transformation  event was indeed  due to  SR-RSV-D. In addition,  chro- 
mosome analysis confirmed these cells to be of rat origin. 
RSV-transformed  endothelial  cells  express the typical array of transformation-related  prop- 
erties  such as anchorage-independent  cell growth  in soft agar, decreased cell adhesiveness, 
ability to grow in low serum, and capability of producing tumors in newborn rats. Demonstra- 
tion of differentiated  endothelial characteristics included positive immunofluorescent  staining 
for factor VIII antigen and angiotensin-converting enzyme and histochemical localization of 3'- 
glutamyl transpeptidase activity. This cell line should provide a useful  model to study not only 
specialized  biochemical  and other functional  characteristics  of cerebrovascular  endothelium 
but  also  the  cellular  mechanisms  that  involve  the  transition  from  normal  to  neoplastic 
expression. 
Attempts to transfer normal differentiated tissues from an in 
vivo environment to defined culture conditions in vitro are 
often frustrating.  In vitro,  normal differentiated  cells  often 
fail to proliferate  or cease to express differentiated cell prop- 
erties beyond one or a few passages. We recently reported the 
establishment and maintenance of long-term primary endo- 
thelial cell cultures derived from rat cerebral microvessels (1). 
Although important information can be obtained from such 
cells maintained in primary culture, the ability  to form sub- 
cultures and to obtain large numbers of cells while maintain- 
ing  the  differentiated  characteristics  of interest  would  ob- 
viously facilitate  biochemical studies,  as well as studies  per- 
taining to cell growth properties and requirements.  One ap- 
proach for circumventing these limitations in culture is viral- 
induced cell transformation with  a well characterized onco- 
genic virus. 
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While in vitro transformation of cells by DNA- and RNA- 
containing tumor viruses  has been  widely  documented, re- 
ports on the successful transformation of vascular endothelial 
cells have been limited.  Gimbrone and Fareed (2) described 
the successful  transformation of human umbilical cord en- 
dothelial  cells with SV40 viral  DNA, but these  transformed 
cells failed  to routinely express  normal differentiated  endo- 
thelial  cell properties.  Rous sarcoma virus  (RSV),  an avian 
retrovirus,  is capable of transforming a wide variety of differ- 
entiated cells of various species (3-9) and may even stimulate 
growth of  differentiated cells under normal culture conditions 
(10-12). These observations prompted us to use the Schmidt- 
Ruppin-D strain of RSV,  which can transform mammalian 
cells (13-15), as a transforming agent for rat cerebral  endo- 
thelial cells in culture. 
We report a  number of features  of an  RSV-transformed 
15 cell  line, derived from a single focus of transformed primary 
rat  cerebral  endothelial  cells,  including  the  expression  of 
differentiated characteristics. 
MATERIALS  AND  METHODS 
Virus 
The Schmidt-Ruppin  strain of Rous sarcoma virus (SR-RSV-D) was origi- 
nally obtained  from Dr. Peter K. Vogt and was recloned twice by single-focus 
isolation  and  passaged at a  low multiplicity  of infection  in  chick  embryo 
fibroblast (CEF) cells. The focus-forming titer  was determined  by a standard 
focus assay for RSV (16) with 2  vg/ml of polybrene  incorporated  into  the 
medium during infection (l 7). 
Cell Cultures and Transformation Procedures 
Primary CEF of the C/E genotype were grown from a single White leghorn 
embryo as described by Dougherty et at. (18). These cells were avian retrovirus 
group specific (gs) antigen negative and chick helper factor (chf) negative when 
tested according to published criteria (19). All cell cultures were incubated at 
37"C in a humidified atmosphere of 5% CO2 in air. 
We prepared primary rat cerebral microvascular endothelial cells and char- 
acterized as reported  previously (1). We used morphologically homogeneous 
populations of endothelial cells in these studies. Primary  cultures were main- 
tained in Dulbecco's modified Eagle's medium (DME) supplemented with 20% 
fetal calf serum (FCS) (Grand Island Biological Company, Grand Island, NY), 
25 gg/ml gentamicin and 150 zg/ml endothelial cell growth supplement (ECGS) 
(Collaborative Research Inc., Waltham, MA). 
Multiwell  dishes  containing  seven  to  lO-d-old subconfluent  cultures  of 
primary rat cerebral endothelial cells (~5 ×  104 -  1 ×  l0  s cells/2.l-cm 2 well) 
were infected with SR-RSV-D at a multiplicity of infection of 10-15. After 1 h 
of absorption  at 37"C, the cultures were re-fed with DME plus 20% FCS and 
150 vg/ml ECGS. After 5-7 d the culture medium was replaced with medium 
free of ECGS, and at 3-5-d intervals thereafter. 2 wk after infection, a focus of 
tightly  packed,  refractile,  polygonal  transformed  cells was readily  detected. 
These transformed rat cerebral microvascular endothelial cells, designated here 
as RCE-TI, were subsequently  propagated  in DME supplemented  with  10% 
FCS and 25 ~g/ml gentamicin.  The cells were routinely  transferred at a split 
ratio of 1: I  0 every 3-4 d, after dispersing the monolayer with 0.25% trypsin- 
0.06% EDTA. Cultures were frozen at various passage levels (4-70)  with 10% 
dimethylsulfoxide (DMSO) and stored in liquid nitrogen. 
Characterization Studies 
GROWTH  AND  PLATING  EFFICIENCY:  Saturation  deusities 
and doubling times of RCE-T1 cells were measured at varying passage levels. 
Ceils were seeded in 25-cm  2 flasks at  1 3<  l0  s cells/flask. The medium was 
changed at days 3 and 7 of the experiment.  On alternating  days over a 9-d 
period, duplicate sets of  cultures were trypsinized and the cells were counted in 
a  hemocytometer.  The doubling  time of the  cells was calculated  from the 
exponential part of the growth curve and the saturation  density, expressed as 
number of cells per 25-cm  2 flask, was calculated from the plateau level reached 
in each case. 
To measure the effects of FCS concentration,  the growth of two representa- 
tive passage levels of RCE-TI cells was tested in medium containing 0%, 0.5%, 
5%, and 10% FCS. RCE-T1 cells were grown from an initial density of I x  105 
cells/35-mm plastic tissue culture dish (Falcon Plastics, Cockeysville, MD). Cell 
counts were made at days  1, 2, 3, and 5 by treating duplicate  cultures with 
trypsin-EDTA and counting the dispersed cells in a hemocytometer. 
Plating efficiency of RCE-T1  cells (P42) in soft ogar was determined  by 
adding  various  numbers of viable cells (as determined  by trypan  blue  dye 
exclusion) to 2-ml portions of  Eagle's MEM containing  10% tryptose phosphate 
broth,  10% FCS, 200 mM L-glutamine and 0.35% afar. The mixture was then 
plated  in 60-ram  tissue culture  dishes containing  a previously prepared and 
hardened base layer of 8 ml of the same medium and 0.87% agar. Macroscopic 
colonies of cells were counted after 14 d of incubation  at 37°C in a humidified 
atmosphere  of 5% CO2 in air. The mean of quadruplicate  plates from two 
experiments was used to determine the plating efficiency. 
Cloning efficiency in liquid medium with RCE-T 1 cells was also determined 
by seeding plates with 1 and 2 x  102 viable cells in DME with 10% FCS. After 
14 d, with periodic medium changes, triplicate cultures were fixed with meth- 
anol, stained  with May-Grnnwald  Giemsa,  and the number of colonies was 
determined. 
c H R O M  O S O M  E  A N A L V S l S:  Control  rat cerebral endothelial  cells 
and various passages of RCE-T 1 cells were harvested for chromosome  analysis. 
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Metaphase and prometaphase  spreads were examined  using differential AS(; 
and GTG banding techniques by the method described by Sumner et al. (20). 
ENZYME-LINKED  IMMUNOSORBENT  ASSAY  (ELISA) 
FOR  AVIAN  RETROVIRUS  gs  ANTIGEN:  Antisera were obtained 
from hamsters with tumors induced by the Schmidt-Ruppin  B strain of Rous 
sarcoma virus (21). IgG and peroxidase conjugate were prepared as described 
by Wilson and Nakane (22). 
Standard antigen was an ether extract of purified avian myeloblastosis virus 
(AMV). Cell extracts fron normal rat cerebral endothelial cells and transformed 
RCE-TI  cells were made by twice freezing and thawing a 50% suspension in 
phosphate-buffered saline (PBS)--0.05% Tween-80, followed by 20 strokes with 
a Dounce homogenizer. The preparation  was then clarified at 2,000 g for 20 
min and the supernatant  tested for gs antigen. The double antibody sandwich 
ELISA described by Clark  and Dougherty  (23) was used with the following 
modifications: flat-bottom Linbro microtiter plates (type 76-301-05) were sen- 
sitized with 0.15 #g of hamster anti-gs in 100 ~1 per well of 20 mM PBS (pH 
6.8)  containing  0.05% Twcen-80  (PBS-Tween). Peroxidase-labeled  hamster 
anti-gs IgG (0.75 gg/well) in 25 ~1 of PBS-Tween was then added. The Trinder 
reagent (25 mM Phenol,  2 mM 4-amino  antipyrine,  0.8  mM H202) (24) in 
PBS-Tween at 100 #l/well was used as substrate for the enzyme reaction. The 
reaction was stopped after 30 rain by the addition of 100 #1 of 20 mM NaOH, 
and then the absorbance  of each well was read at 492 nm in a Flow Titetek 
Multiskan plate reader. 
v I R V S R E S C U E A S S A V:  CEF and RCE-TI  cells were fused at 38"C 
by modifications  of previously  published  methods (25-27).  Briefly, 8 g  of 
polyethylene glycol (PEG)-6000 (Baker Chemical Co., Sanford, ME) was au- 
toclaved  for  15  rain.  After  3-5  min of cooling,  10  ml of serum-free DME 
containing  15% DMSO was added, with stirring. Final concentrations  of PEG 
and DMSO were 44.4% and 8.3%, respectively. CEF and RCE-TI, 1.0 x  104 
cells/plate and 5 x  106 cells/plate, respectively, were plated together in 60-ram 
tissue culture dishes in DME containing  10% FCS and grown for 24 h. The 
medium was then removed, the cells were washed twice with serum-free DME, 
and I ml of the PEG-DMSO mixture was added to each plate. After 1 rain, the 
PEG-DMSO was removed and the cell sheet was washed four times with serum- 
free DME, followed by two washes with DME containing  10% FCS. Finally, 
after  the  addition  of growth  medium (DME  +  5%  FCS) the  plates  were 
incubated. Controls consisted of  plates with CEF alone and RCE-TI cells alone. 
At various intervals the superuatant fluids were removed, filtered through 0.45- 
~m Millipore filters and stored at -75"C. The supernatants  were later assayed 
on CEF for the presence of  infectious virus by the standard focus assay for RSV 
(16). 
HISTOCHEMICAL  AND  1MMUNOFLUORESCENT  STAIN- 
ING:  Coverslip preparations  of RCE-TI  cells were tested for the presence of 
factor VIII  antigen and anglotensin-converting enzyme (ACE) using the indirect 
immunofluorescence  technique as described previously (1). The histochemical 
localization of ~,-glutamyl-transpeptidase was performed on acetone-fixed cov- 
erslip preparations  of RCE-T1 cells using ~-glutamyl-4-methoxy-2-naphthy- 
lamide as a substrate, according to the method of Debault and Cancilla (28). 
TUMORIGENICITY  IN  NEWBORN  RATS:  Confluent  cultures 
of RCE-TI  cells (P~2) were trypsinized, suspended in medium with  I% VCS, 
FIGURE  1  Phase-contrast  micrograph  showing a  focus  of  RSV- 
transformed rat cerebral endothelial cells 12-d  postinfection. The 
transformed cells have a polygonal shape and are closely apposed 
to each other. Most cells exhibit dense cytoplasm and contain a 
large nucleus with multiple nucleoli, x  125. and counted.  The cells were then pelleted and resuspended in Hanks' balanced 
salt solution  (HBSS) at a concentration  of 5 ×  10~-1 ×  l0  T cells/ml, and 0.1 
ml of the cell suspension was inoculated intraperitoneally in 2-5-d-old Fischer 
344 rats to determine  cell tumorigenicity. Tumor tissue was fixed in formalin 
and embedded  in paraffin.  Sections for light microscopic examination  were 
stained with hematoxyfin and eosin. 
R  ES U LTS 
Transformation of Primary Rat Cerebral 
Endothelial Cells 
12 d after subconfluent homogeneous primary endothelial 
cells derived from rat cerebral microvessels were infected with 
SR-RSV-D, a single focus of tightly packed, refractile, small 
epithelioid-like cells was noted (Fig.  1). 7 d later, this popu- 
lation of transformed cells was isolated using a cloning peni- 
cylinder and then serially cultured. During this period, both 
infected and mock-infected control cerebral endothelial cell 
cultures  were  maintained  in  complete  medium  without 
ECGS. Foci of transformed cells were never observed in the 
control culture. Control primary cerebral endothelial cells, 
without the presence of  ECGS, gradually deteriorated and cell 
death  ensued  (1).  In  addition,  no  contaminating  smooth 
muscle or pericyte outgrowth was  observed in  control and 
transformed cultures during the period of observation. 
Morphology of the RSV-transformed Cerebral 
Endothelial Cell Line 
Normal  rat cerebral endothelial cells  in  primary culture 
exhibit density-dependent inhibition of growth and form a 
single cell thick monolayer  with a characteristic "cobblestone" 
appearance (Fig. 2). The transformed RCE-T1 cells in culture 
also form a fiat, rather homogeneous sheet of polygonal cells 
closely apposed to one another (Fig.  3). These transformed 
cells do not form multilayers in the flattened state but, upon 
reaching confluence, they gradually round up and form grape- 
like clusters that eventually detach from the culture surface 
(Figs. 4 and 5). 
Growth Behavior of RCE-T1 Cell Line 
Fig.  6  represents  the  growth  curve  of RCE-TI  cells  at 
various passage levels (10, 40, and 70) maintained in medium 
with 10% FCS. Population doubling times were 20.4 h (pas- 
sage 10), 16.2 h (passage 40), and 16.8 h (passage 70) indicat- 
FIGURES 2-5  Fig.  2:  Phase-contrast  micrograph  of  normal  rat  cerebral  endothelial cells  in  primary  culture.  The cells  form  a 
packed monolayer with the typical "cobblestone" appearance, x  150. Fig. 3: Phase-contrast micrograph of a monolayer of RCE- 
TI  cells 3 d  in culture. The culture consists of a confluent, flattened sheet of rather homogeneous epithelioid-appearing cells. A 
few small clusters of rounded cells can be seen at this stage, x  125.  Fig. 4: Same culture as Fig. 3 after 4  d  in culture.  Note the 
marked increase in number of rounded cells that are detaching from the culture dish. x  125. Fig. 5: Same culture as described in 
Figs. 3 and 4 after 5 d  in culture. Most of the transformed cells are rounded and form large clusters. Note the loss of adhesiveness 
of these cells to the culture surface, x  125. 
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FIGURE  6  Cell growth of RCE-T1  cells at different passage levels. 
Cells from each passage were plated in duplicate at 1 x  10  s cells/ 
25 cm  2 flask in DME containing 10% FCS and incubated. Cells from 
each passage level were harvested by trypsin-EDTA treatment at 1, 
3,  5,  7,  and  9  d  and  counted  in  a  hemocytometer.  Each  point 
represents the average number of viable cells obtained, l,  passage 
10. @, passage 40. &, passage 70. 
Persistence of the SR-RSV-D Genome in 
RCE-T1 Cells 
Both RCE-TI  cells and rat control endothelial cells were 
tested for the presence of RSV gs antigens by ELISA. The 
RCE-TI cell line yielded a positive reaction at a dilution of 
1/100  of the  50%  cell  extract,  indicating  that  the  viral gs 
protein  content  was  ~  10  ng/mg  of wet  weight  cells.  No 
reaction  was detected  with  extracts  of normal  control  rat 
cerebral endothelial cells. It should be noted that the antisera 
used react predominantly with avian retrovirus p27, and to a 
lesser extent  with  pl9  and  pl5  viral proteins.  Since avian 
retrovirus-transformed mammalian cells may contain gs an- 
tigens (29-3 l) without the entire genome being present in a 
rescueable  form,  fusion  experiments were  conducted  with 
permissive host  cells  (i.e.,  CEF).  Focus-forming virus  was 
detectable in  fused  CEF-RCE-T1  cultures  5  d  after PEG- 
DMSO treatment (Table I). Virus titer increased progressively 
up to day 8 and declined thereafter, due to aging and over- 
crowding of the cultures. The absence of detectable virus in 
supernatant fluids from RCE-T1  cell cultures indicates that 
these cells are not producing infectious virus. Although sero- 
typing was not performed, the morphology of  the foci induced 
on  CEF  by the  rescued  virus  released  from CEF-RCE-T1 
heterokaryons was identical to that of the original SR-RSV- 
D employed to transform the rat endothelial cells. It is appar- 
ent from these results that RCE-T1 cells are virogenic, in that 
they contain the intact genome SR-RSV-D and that infectious 
virus is rescueable by fusion with permissive CEF. 
PASSAGE  27  PASSAGE  57 
ing an increase in growth rate at higher passage levels. Satu- 
ration density levels were similar for passages l0 and 40 with 
1 x  105 cells/cm  2, while a noticeably higher cell density was 
found  at  passage  70  (1.7  x  l05  cells/cm2).  A  progressive 
increase  in  relative  plating  efficiency was  also  noted  with 
increasing number of passages (data not shown). 
Growth curve studies of transformed RCE-T1  cells (pas- 
sages 27 and 57) cultured in various serum concentrations are 
shown in Fig.  7. Cells from both passages grew comparably 
in  medium supplemented with either  10% or 5% FCS and 
exhibited  significant  growth  potential  when  maintained  in 
medium with as little as 0.5% FCS. Although cultures main- 
tained  without  FCS  did  achieve relative  plating efficiency 
levels of>40% they failed to grow, which is in marked contrast 
to normal rat cerebral endothelial cells that require both high 
concentrations of serum and the presence of ECGS for opti- 
mum growth (l). Additional evidence of transformation was 
obtained by assaying the growth of RCE-T1 cells in semisolid 
media. This type of culture exhibited a plating efficiency of 
24% in soft agar, as compared with a plating efficiency of 28% 
in liquid medium. 
Chromosome Studies 
Comparison of chromosomal patterns in both RCE-TI cell 
preparations  at  various  passage  levels  (4-12)  and  control 
primary rat cerebral endothelial cells exhibited a normal male 
rat karyotype of 42,  xy that is in agreement with published 
standards  and  conclusively  demonstrated  that  the  trans- 
formed cells were of rat origin. 
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FIGURE  7  Effect of various serum concentrations on the growth of 
RCE-T1  cells.  Passage  27  and  57  RCE-T1  cells  were  plated  in 
duplicate  at  1  x  10  s  cells/35  mm  tissue  culture  dish  in  DME 
supplemented with  various concentrations of FCS  (Q--@,  0%; l, 
0.5%;  i,  5%; Q,  10%).  Duplicate  dishes  from  each  series were 
harvested by trypsin-EDTA treatment at 1, 3, and 5 d  and counted 
in a hemocytometer. Each point represents the average number of 
viable cells obtained. Differentiated  Endothelial Properties of 
RCE-T1 Cells 
As previously reported, rat cerebrovascular endothelial cells 
are capable of retaining morphologic and antigenic character- 
istics of vascular endothelium in long-term primary cell cul- 
ture  (1).  Because a  single transformed colony was isolated 
upon  infection  of a  homogeneous  population  of cerebral 
endothelial cells,  it was of interest to determine whether or 
not  RSV-transformed endothelial cells were still  capable of 
retaining  differentiated  endothelial  related  markers.  Fig.  8 
TABLE  I 
Virus  Rescue  in Transformed RCE-T1  Cells 
Virus titer* 
S  u pernatant 
from cells  3  5  8  11 
(day) 
CEF +  RCE-T1  <0.5  2  X  102  8.1  x  103  8.2 x  101 
CEF alone*  <0.5  NT  s  NT  <0.5 
RCE-T1  alone*  <0.5  NT  NT  <0.5 
* Titer on CEF in focus-forming units/milliliter at times shown after 
cell fusion. 
* Mock fusion. 
NT, not tested. 
represents positive  fluorescent staining  for the  presence  of 
factor  VIII antigen  in  the  transformed  cell  line.  Positive 
fluorescence was also demonstrated using rabbit antibody to 
rat lung angiotensin converting enzyme (ACE) (Fig.  9). The 
fluorescence observed had a  perinuclear localization. Strong 
positive immunofiuorescent activity for factor VIII antigen 
and ACE was seen in the RCE-TI cell line at passage levels 4 
through 50, after which fluorescence reactivity gradually de- 
creased and eventually was not detected after passage 70. The 
RCE-TI  cell line also exhibited the  presence of ~¢-glutamyl 
transpeptidase enzyme (~/GTP)  activity (Fig.  10)  by histo- 
chemical staining, which  is in contrast with the loss of this 
enzyme activity during in vitro cultivation of normal cerebro- 
vascular endothelial cells (28).  Although 3'GTP activity was 
demonstrated, variation in  the degree of expression of this 
enzyme was noted when biochemically quantitated  (Diglio, 
C. A., and M. L. Caspers, manuscript in preparation). 
Tumor Formation 
All seven newborn rats injected with RCE-T 1 cells devel- 
oped numerous intraperitoneal neoplastic nodules within 15- 
20 d postinjection and were most numerous and largest over 
the  peritoneal  surface  of the  diaphragm  and  the  adjacent 
peritoneum. Most of the tumor tissue grew as well-circum- 
scribed  nonencapsulated  nodules,  with  only some of them 
showing local invasion of adjacent fibrovascular adipose tis- 
sue,  hepatic and pancreatic parenchyma. Extensive bilateral 
pulmonary metastases were also noted in two of the rats. The 
morphology of tumors induced by the RCE-T1 cell is shown 
in Fig.  11. The predominant histologic pattern of  these tumors 
was consistent with that of a poorly differentiated spindle cell 
sarcoma frequently displaying well-developed storiform areas. 
The highly elongated cells  were arranged in semiparallel or 
disorderly arrays. Mitotic  figures were common. Multifocal 
areas of necrosis were present in most nodules and markedly 
prominent in the pulmonary metastases. 
FIGURES  8  and 9  Fig.  8:RCE-T1  cells  (passage 32) exhibiting cy- 
toplasmic localization of factor VIII antigen by indirect immunoflu- 
orescence, x  260.  Fig.  9:  Immunofluorescent  localization of angi- 
otensin-converting enzyme activity  in  RCE-T1  cells  (passage 32). 
Note the prevalent perinuclear fluorescence in some of these cells. 
x  260. 
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DISCUSSION 
As  reported  previously,  long-term primary cerebrovascular 
endothelial  cell  cultures  have  been  maintained  under  re- 
stricted culture conditionsthat required high serum concen- 
tration  and  medium  supplemented with  ECGS.  Confluent 
cultures  exhibited  contact  inhibition  of growth,  expressed 
normal differentiated properties, but lacked the capacity for 
further  proliferation  and  subculture  (1).  In  another  study, 
Gimbrone and Fareed (2) described the first successful trans- 
formation of human vascular endothelium with SV40 virus. 
However, the resultant cell lines exhibited altered morphology 
and loss of endothelial-related properties (2). 
The present study describes the successful transformation 
of rat cerebral microvascular endothelial cells with an RNA 
tumor virus and, to our knowledge, the first establishment of 
a continuous cell line of RSV-transformed endothelial cells. 
Although  this  line,  designated  RCE-T1,  expresses  typical 
transformation-related properties (growth in soft agar, tumor- 
igenicity),  it still is capable of retaining normal differentiated 
endothelial cell characteristics. In vitro virus-induced trans- 
formation allowed us to circumvent the culture limitations of 
primary cultures. Moreover, the occurrence of a single, well- 
isolated focus of transformed cells was of great advantage, in 
that the resultant population can be considered to likely be a 
clonal isolate derived from infection of a single target cell. 
Rous Sarcoma Virus Transformed Microvascular Endothelium  19 FIGURES 10 and 11  Fig.  10: Histochemical localization of "/'-gluta- 
myl transpeptidase  in  RCE-T1 cells  (passage 23).  x  750.  Fig. 11: 
Light  micrograph  showing the  interweaving spindle-cell  pattern 
characteristic  of the intraperitoneal RCE-T1 tumor nodules.  Hema- 
toxylin and Eosin stain, x  100. 
The first apparent indicators of transformation in cerebro- 
vascular endothelial cells were the morphological appearance 
and  the  induction  of sustained  proliferation.  RCE-T1  cells 
were highly refractile and mimicked to some degree normal 
endothelium as seen by phase-contrast microscopy (1, 32). In 
addition, the transformed cells in the flattened state did not 
form multilayers, except that upon reaching saturation density 
they gradually rounded up, detached, and formed grapelike 
clusters.  The loss of adhesiveness in culture is a characteristic 
feature of RSV-transformed cells (33). The features described 
above are in contrast with the pattern of SV40-transformed 
human  vascular endothelium  that  expressed  multilayering 
overgrowth and altered morphology (2). 
The maintenance of the transformed state by RSV requires 
the continuous expression of the viral transforming gene, src 
(34-37).  RSV-infected mammalian cells frequently contain 
virus-specific antigens as well as all of the viral genetic infor- 
mation necessary for the production of complete virus, and 
infectious RSV can be rescued from these cells by fusion with 
susceptible avian fibroblasts in the absence of any exogenous 
or endogenous helper virus (29).  The presence of RSV viral 
antigens in RCE-T 1 cells and the ability of fused RCE-T 1 and 
chicken embryo fibroblasts to release SR-RSV-D virus clearly 
indicate that the transformation event was virus-specific. In 
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addition, cytogenetic analysis demonstrated that these trans- 
formed cells are of rat origin. 
Virus-induced transformation results in a number of phen- 
otypic changes that are collectively termed "the transformed 
phenotype." The alterations include  changes in  cell shape, 
decreased cell adhesiveness, lack of density-dependent inhi- 
bition of growth, ability to grow in vitro in low serum con- 
centrations, and tumorigenicity (38, 39). RCE-TI cells possess 
all of these stable transformation properties and also have the 
ability to produce colonies in soft agar, whereas normal cells 
fail  to  form  colonies.  The  acquisition  of this  property  of 
anchorage independence of growth has been shown to corre- 
late well with tumorigenicity (40).  RCE-T1  cells  inoculated 
into  newborn  rats induced  tumors that  are consistent with 
the histopathological features of sarcomas. 
RCE-T 1 cells are an exception to the general finding that 
differentiated cellular functions often are not expressed fol- 
lowing viral transformation. For example, cells of  mesodermal 
origin transformed with RSV usually fail to express normal 
differentiated functions (8, 41). While the shutoff of these so- 
called "luxury" molecules can be circumvented when cells are 
transformed by temperature-sensitive (ts)  mutants  of RSV 
and  then  grown  at  the  nonpermissive temperature  (5-7), 
RCE-T1  cells that were transformed by wild-type RSV and 
are, within the passage levels studied (4-70), an exception to 
this rule. Both factor VIII antigen and angiotensin converting 
enzyme activity were demonstrated in these cells by indirect 
immunofluorescence. However, it should be mentioned that 
the expression of these endothelial-related markers in RCE- 
T 1 cells could not be demonstrated at higher passage levels 
(>70) where marked morphologie alterations also occurred. 
We recently isolated several morphologic variants from the 
parent RCE-T1 cell line as well as possible revertants. Exam- 
ination of these cloned populations for retention of endothe- 
lial-related functions and expression of  transformation-related 
properties is currently underway. 
In summary, the results show that it is possible to transform 
rat cerebral endothelial ceils  with RSV and that these cells 
retain  some of the  specific differentiated  properties  of the 
original cells in culture. This cell line should then be useful 
for studying specialized biochemical and functional charac- 
teristics  of cerebrovascular  endothelium.  In  addition,  the 
RCE-TI cell line may provide a  model to study the mecha- 
nism of  cell transformation from normal to neoplastic expres- 
sion. 
The authors are grateful to Ms. Kelly Berg for her excellent technical 
assistance, Florence Rempala for secretarial assistance, and Joel Mat- 
thews for photographic excellence. We also thank Dr. R. M. Dough- 
erty, Department of Microbiology, Upstate Medical College for per- 
forming the ELISA test and Drs. F. Giacomelli and J.  Wiener for 
their advice and criticisms. 
Supported in part by U. S. Public Service grant HL2360 from the 
National Heart, Lung and Blood Institute of the National Institutes 
of Health and American Heart Association grant-in-aid 79819 with 
funds contributed by the Michigan Heart Association. 
Received for publication  22  October 1982, and  in  revised form  14 
March 1983. 
REFERENCES 
1.  Diglio, C. A., P. Grammas, F. Giacomelli, and J. Wiener.  1982. Primary culture ofntt 
cerebral  microvascular endothelial  cells.  Isolation,  growth and  characterization.  Lab. 
Invest.  46:554-563. 2.  Gimbrone, M. A., Jr., and G. C. Fareed. 76. Transformation of  cultured human vascular 
endothelium by SV4o DNA. Cell. 9:685-693. 
3.  Ephrassi, B., and H. M. Temin.  1960. Infection of chick iris epithe|ium with the Rous 
sarcoma virus in vitro.  Virology.  I 1:547-552. 
4.  Holtzer, H., J. Biehl, G. Yeoh, R. Meganathan, and A. Kaji. 1975. Effect of oncogenic 
virus on muscle differentiation.  Proc.  Natl. Acad Sci.  USA. 72:4051-4055. 
5.  Bocttiger,  D., K. Rohy, J. Brombaugh, J. Biehl, and H. Holtzer.  1977. Transformation 
of chick embryo retinal melanoblasts by a temperature-sensitive mutant of RSV. Cell. 
I 1:881-890. 
6.  Muto, M., M. Yoshimura, M. lkayama, and A. Kaji. 1977. Cellular transformatio0 and 
differentiation. Effect of Rous sarcoma virus transformation on sulfated  proteoglycan 
synthesis  by chicken chondrocytes.  Prec. Natl. Acad.  Sci.  USA.  74:4173-4177. 
7.  Okayama, M., M. Yoshimura, M. Muto, J. Chi, S. Roth, and A. Kaji. 1977. Transfor- 
mation of chicken chondrocytes by Rous sarcoma virus. Cancer Res. 37:712-717. 
8.  Kobayashi, N., and A. Kaji. 1978. Induction of DNA synthesis in terminally differen- 
tiated myotubes by the activation of the src gene of Rous sarcoma virus. Prec.  Natl. 
Aead.  Sci.  USA.  75:5501-5505. 
9.  Judith,  H. G., and J. P. Bader.  1979. Neural crest cells: temperature-dependent  trans- 
formation by Rous sarcoma virus. CellDiffer.  8:19-27. 
10.  Pessac, B., and G. Calothy.  1974. Transformation of chick embryo neurorctinal cells by 
Rous  sarcoma  virus in  vitro. Induction  of cell  proliferation.  Science  (Wash.  DC). 
185:709-710. 
1  l.  Calnthy,  G., and  B. Pessac.  1976. Growth stimulation  of chick embryo neuroretinal 
cells infected  with Rous sarcoma virus: relationship to viral replication  and morpholog- 
ical transformation.  Virology. 7 [:336-345. 
12.  Calothy, G., F. Poirier, G. Dambrine, and B. Pessac.  1978. A transf°rmation defective 
mutant of Rous sarcoma virus inducing chick embryo neuroretina cell  proliferation. 
Virology.  89:75-84. 
13.  Duff, R.  G.,  and  P.  K.  Vogt.  1969.  Characteristics  of two  new avian tumor  virus 
subgroups. I/'irology. 39:18-30. 
14.  Altaner, C., and  E.  Hlavayova.  1973.  Transformation of rat liver cells  with chicken 
sarcoma virus B77 and murine sarcoma virus. J  Virol.  11:177-182. 
15.  Rabotti,  G.  S.,  J.  Gogusevbteutsch,  F.  Mongiat-Lardemer, and  F.  Haguenau.  1978. 
Transformation in vitro of glial hamster cells by Rous sarcoma virus. J. NatL  Cancer 
Inst.  60:113-124. 
16.  Dougherty, R. M., and P. J. Simons. 1962. The sensitivity of Rous sarcoma virus assays. 
Virology.  18:559-566. 
17.  Toyoshima, K., and P. K. Vogt. 1969. Enhancement and inhibition of avian sarcoma 
viruses by polycations and polyanions.  Virology.  38:414-426. 
18.  Dougherty, R. M., P. J. Simons, and F. C. Chesterman.  1963. Biological  properties of 
three variants of Rous sarcoma virus. J. Natl.  Cancerlnst.  31:1285-1307. 
19.  Meyers,  P.  1976. Antibody  response to  related  leukosis  viruses induced  in chickens 
tolerant to an avian leukosis  virus. J. Natl.  Cancer Inst.  56:381-386. 
20.  Sumner, A. T., H. J. Evans, and R. A. Buckland.  197 I. A new technique for distinguish- 
ing between human chromosomes. Nature (Lond.).  232:31-32. 
21.  Roth, F. K., and R. M. Dougherty.  1969. Multiple antigenic components of the group- 
specific antigen of the avian leukosis-sarcoma viruses.  Virology. 38:278-284. 
22.  Wilson, M. B., and P. Nakane.  1978. Recent developments in the oeriodate method of 
conjugating horseradish peroxidase (HRPO) to antibodies.  In Immunotluorescence and 
Related Staining Techniques. W. Knapp, K. Holubar and G. Wick, editors.  Elsevier/ 
North Holland, Amsterdam. 215-224. 
23.  Clark,  D. P.,  and  R.  M.  Dougherty.  1980. Detection  of avian oncoruavirus group- 
specific  antigens by the enzyme-linked immunosorbent assay.  ,L Gen.  Virol. 47:283- 
291. 
24.  Gallati,  Von H.  1977.  Aktivitatsbestimmuog von Peroxidase mit Hilfe des "Trinder- 
Rcagens." J. Clin.  Chem. Clin. Biechem.  15:699-703. 
25.  Davidson,  R.  L., and P. S. Gerald.  1976. Improved techniques  for the induction  of 
mammalian cell hybridization by polyethylene  glycol. Somatic Cell Genet.  2:156-176. 
26.  Norwood, T. H., C. J. Zeigler,  and G. M. Martin.  1976. Dimethyl sulfoxide enhances 
polyethylene  glycol-mediated  somatic cell fusion. Somatic Cell Genet. 2:263-270. 
27.  Steimer, K. S., and D. Boctfiger.  1977. Complementation rescue of Rous sarcoma virus 
from transformed mammalian cells by polyethylene  glycol-mediated  cell fusion~ J. Virol. 
23:133-141. 
28.  DeBault,  L. E, and P. A. Cancilla.  1980. "y431utamyl-transpeptidase  in isolated  brain 
endothelial  cells: induction by glint cells in vitro. Science  (Wash. DC).  207:653-655. 
29.  Svoboda, J., O. Machala, L. Donner, and V. Sovova. 1971. Comparative study of RSV 
t~-~cue from RSV-transformed mammalian cells. Int. ,£ Cancer. 8:391-400. 
30.  Svoboda, J., 1. Hlozanek, O. Much, and S. Zadrazil.  1975. Problems of RSV rescue from 
virogenic mammalian cells. Cold Spring  Harbor Syrup.  Quant.  BioL 34:1077-1083. 
31.  Svoboda, J., M. Popovic, H. Sainemvfi, O. Mach, M. Schoyab,  and M. A. Baluda.  1977. 
Incomplete viral genomc in a non-virogenic mouse turnout cell line (RVP~) transformed 
by Prague strain of avian sarcoma virus. Int..L Cancer.  19:851-858. 
32.  Gimhrone, M. A., Jr., R. S. Cotran, and J. Folkman. 1974. Human vascular endothelial 
cells in culture, growth and DNA synthesis.  ,L Cell Biol. 60:673-684 
33.  Weber, M. J., A. H. Hale, and L. Losasso.  1977. Decreased adherence to the substrate 
in Rous sarcoma virus transformed chicken embryo fibroblasts.  Cell.  10:45-51. 
34.  Brugge,  L  S.,  and  R.  L.  Erickson.  1977. Identification of a  transformation-specific 
antigen induced by an avian sarcoma virus. Nature (Lond.).  269:346-348. 
35.  Collett,  M.  S., and  R. L  Eriekson.  1978. Protein kinase activity associated  with the 
avian sarcoma src gene product. Prec. Natl. Acad.  Sci.  USA.  75:2021-2024. 
36.  Levinson, A. D., H. Oppermann, L. Levintow, H. E. Varmus, and J. M. Bishop.  1978. 
Evidence that the transforming gene of avian sarcoma virus encodes a protein kinase 
associated  with a phosphoprotein.  Cell.  15:561-572. 
37.  Hunter, T., and B. M. Sefion.  1980. The transforming gene product of Rous sarcoma 
virus phosphorylates  tyrosine.  Proc. Natl. Acad.  Sci.  USA. 77:131 l- 1315. 
38.  Vogt, P. K. 1977. The genetics of RNA tumor viruses. In Comprehensive Virology.  H. 
FraenkeI-Conrat,  and  R.  R.  Wagner, editors.  Plenum  Publishing Corp.,  New York. 
9:341-455. 
39.  Hanafusa,  H.  1977. Cell  transformation  by  RNA tumor viruses.  In Comprehensive 
Virology.  H. Fraenkel-Conrat  and  R. R.  Wagner, editors.  Plenum Publishing Corp., 
New York.  10:401-483. 
40.  Shin, S, l.,  V. H. Freedman, R. Risser,  and R. Pollack.  1975. Tumorigenicity of virus 
transformed cells in nude  mice is correlated  specifically  with anchorage independent 
growth in vitro. Prec. Natl. Acad.  S¢i. USA.  72:4435-4439. 
41.  Pacifici,  M., D. Boettinger,  K. Roby, and H. Holtzer.  1977. Transformation of chon- 
drublasts by Rous sarcoma virus and synthesis of the sulfated  proteoglycan  matrix. Cell. 
11:891-899. 
DIctlo  ET AL,  ROUS Sarcoma  Virus  Transformed  Microvascular  Endothelium  21 